C ontinuous renal replacement therapy (CRRT) is proven effective for critically ill patients with (acute) renal failure (1, 2) . In patients with heparininduced thrombocytopenia type II (HIT-II) requiring CRRT effective anticoagulation, it is necessary to avoid thrombembolic complications (3, 4) . The options for anticoagulant treatment in critically ill patients with HIT-II requiring CRRT are limited and include danaparoid and direct thrombin inhibitors. Although danaparoid has been used in HIT-II for a long time several major drawbacks have been reported. Cross-reactivity with heparin/platelet factor 4 antibodies in 15% of cases (5) , prolongation of half-life in renal failure up to 36 -48 hours (6) , and an increased risk for bleeding events in 46% (7) have been described. Direct thrombin inhibitors, including argatroban and lepirudin, differ in their mode of elimination. The major route of elimination of lepirudin is renal clearance. In anuria prolonged half-lives up to 50 hrs have been reported (8) . Furthermore, after 5 days 44% of the patients developed lepirudin antibodies that decrease renal clearance, increase activity, and thus, augment the risk of bleeding (9) contributing to major bleeding complications (10, 11) .
In contrast, argatroban is mainly eliminated by hepatic metabolism. As such, argatroban may be the more appropriate direct thrombin inhibitor in critically ill patients with renal impairment and with the necessity for CRRT. Prospective data on argatroban under hemodialysis include case reports and small studies only in patients on intermittent hemodialysis (12) (13) (14) or in patients after cardiovascular surgery with cardiopulmonary bypasses (15) .
In our study, critically ill patients with HIT-II-syndromes or histories of HIT-II and necessity for CRRT were assigned to an argatroban treatment. The investigation focused on predictors for the maintenance doses of argatroban with efficacy and safety of argatroban being secondary outcomes. line, or a platelet count lower than 100 ϫ 10 9 /L while on heparin therapy, or by positive local laboratory tests. HIT-II screening tests were performed at the University Hospital Laboratory using the particle gel immunoassay (ID-HPF-4, DiaMed, Switzerland) for rapid detection and the enzyme-linked immunosorbent assay for discovering antibodies (IgG, IgA, IgM) to heparin-platelet factor 4 complexes. Both HIT-II tests were done for all patients. Critical illness was defined by commonly used scores in intensive care medicine: Acute Physiology and Chronic Health Evaluation II (APACHE-II, 16) and Simplified Acute Physiology Score II (SAPS-II, 17). Thus, critical illness and multiple organ dysfunction syndromes were defined as a minimum SAPS-II score of 30 points.
METHODS

Patients and Registration
Inclusion and Exclusion Criteria
Critically ill patients with manifestation or history of HIT-II and necessity for CRRT were treated with argatroban after exclusion of clinically relevant bleeding signs, transient thrombocytopenia, disseminated intravasal coagulopathy, and preexisting chronic hepatic dysfunction (Child-Pugh C). Concomitant treatment was performed according to best medical practice. The decision to anticoagulate with argatroban was made by the physician in charge according to clinical needs and the inclusion and exclusion criteria.
Continuous Renal Replacement Therapy
Continuous venovenous hemodialysis was performed with a polysulfone high-flux hemodialyzer using a roller-pump-driven hemofiltration device manufactured by Fresenius AG (ADM 08; Bad Homburg, Germany) with a bicarbonate dialysate at a flow rate of 2000 mL/hr. The blood flow was 100 mL/min. The ultrafiltration rate depended on clinical requirements (0 -200 mL/hr). The hemodialysis tubes and filters were renewed every 24 hrs.
Argatroban Pharmacokinetics
Argatroban (molecular weight 526.66 daltone) is a rapidly acting direct thrombin inhibitor with moderate protein binding (54%), primarily to albumin (20%) and ␣1-acid glycoprotein (34%). Its short elimation half-life of 35-51 mins and major route of hepatic metabolism (70%) are important aspects for use of argatroban in patients with renal failure; ϳ14% of the unchanged drug is eliminated via feces and 16% is eliminated renally. During hemodialysis, the dialytic clearance of argatroban was 0.3-0.7 mL/min/kg, suggesting an increase of ϳ20% in argatroban clearance (15) .
Management and Monitoring of Anticoagulation
At the beginning of CRRT, all patients received argatroban at a dose of 100 g/kg as a bolus injection followed by a continuous infusion of 1 g/kg/min. Argatroban was applied into the extracorporeal circulation (prefilter injection/infusion). The monitoring of anticoagulation was performed by repetitive measurements of the systemic activated partial thromboplastin time (aPTT) according to standard methods. The anticoagulation regimen was designed to result in a 1.5-to 3-fold elevation of aPTT. The first measurement of aPTT was done 30 minutes after starting CRRT, followed by further controls every 60 minutes until a 1.5-to 3-fold elevated aPTT was reached. If aPTT was below the therapeutic range, the argatroban dose was increased stepwise (in steps of 0.25 g/kg/min). If aPTT was more than 3-fold elevated, argatroban was discontinued for 2 consecutive hours and stepwise reduced (0.25 g/kg/min). When the hemofilter systems were routinely changed, the argatroban infusion was continued and no further boluses were given. In all surgical cases, CRRT with argatroban started 24 -48 hrs after the surgical procedure.
Assessments for Anticoagulation, Efficacy, and Safety
Anticoagulation. For argatroban dose titration, plasma aPTT was measured before, 30 minutes after starting CRRT, and every hour until a 1.5-to 3-fold aPTT was reached. In cases of a steady state, aPTT was measured twice daily. All hemodialysis tubes and filters were visually inspected for blood flow and evidence of clot formation.
Hemodialysis Efficacy. The hemodialysis efficacy was assessed by the average fall in blood urea nitrogen to steady state, which occurred after a mean of 3.8 days after the beginning of CRRT.
Safety. Patients underwent physical examination, hemodynamic measurements (blood pressure, heart rate) and clinical laboratory tests (hemoglobin, hematocrit, sodium, potassium, platelets, red and white blood cells, urea, creatinine) daily on the intensive care units. Bleeding episodes were defined as actual bleeding noted. They were classified as minor when argatroban infusion had to be paused to restore coagulation and as major when transfusion of blood or coagulation factors became necessary.
Assessments for Hepatic Function
Transaminases, total bilirubin, albumin, and cholinesterase were measured. For dynamic liver function, indocyanine green (ICG-PULSION, Pulsion Medical Systems, Germany) was injected central venously (0.5 mg/ kg). ICG is nearly exclusively eliminated in an unconjugated form by the liver into the bile and does not undergo enterohepatic recirculation. Its elimination may be expressed as plasma disappearance rate (ICG-PDR) and can be measured noninvasively at the bedside by transcutaneous pulse densitometry with a finger clip (LiMON monitoring, Pulsion Medical Systems, Germany). Normal values for ICG-PDR are considered to be over 18%/min. In general, ICG removal from the blood depends on liver blood flow, parenchymal cellular function, and biliary excretion (18, 19) .
Statistical Analysis
Demographical data and data on efficacy and safety were summarized and descriptive statistics were computed (means Ϯ SD). For all patients the individual argatroban maintenance infusion rates were correlated to the initial cholinesterase levels, ICG-PDR, SAPS II, and APACHE II score (Pearson). Furthermore a regression analysis was performed. A ␣-error of less than 0.05 was considered statistically significant.
RESULTS
Within 18 months, 34 critically ill patients with clinical signs or history of HIT-II and necessity for CRRT were studied. The incidence for the acute manifestation or history of HIT-II of our critically ill patients on medical and surgical intensive care units during the study period was 1.3%. A manifest HIT-II syndrome was diagnosed in 28 cases; a history of HIT-II in 2 cases. These findings were confirmed by laboratory tests in 26 cases, indicating a specificity of 86%.
Treatment with argatroban was performed on 30 patients. Four patients were excluded from the anticoagulation regimen with argatroban because of preexisting chronic hepatic dysfunction (n ϭ 3) and disseminated intravascular coagulation (n ϭ 1) (Fig. 1) . In those cases lepirudin was used for anticoagulation. None of the included patients had been diagnosed with acute or chronic hepatic disease before onset of critical illness. Patient characteristics, diagnosis underlying critical illness, and acute renal failure are shown in Table 1 .
Argatroban Infusion Rate and Anticoagulation
Patients received an initial argatroban bolus of 100 g/kg bolus at the start of CRRT followed by continuous infusion of 1 g/kg/min. The bolus administration resulted in a peak response of anticoagulation with aPTT Ͼ140 seconds within 30 minutes without registration of any bleeding signs. The following argatroban infusion rate of 1 g/kg/min resulted in an effective anticoagulation with 2-to 3-fold elevated aPTT within 60 minutes. In 22 cases the infusion rate had to be reduced (average rate 0.7 g/kg/min; range, 0.1-1.5 g/kg/min). In 5 cases the infusion rate was increased up to 1.2-1.5 g/kg/min. The median duration before patients reached their target aPTT was 5 hours (range 0 -14 hours). After achieving therapeutically effective levels of anticoagulation (aPTT 70 -90 seconds) the infusion rate of the continuous argatroban application remained unchanged during the whole treatment period. There was no evidence of loss of the argatroban effect during the whole CRRT period. Five patients with a CRRT were treated for more than 10 days. In these cases no loss of effect of argatroban was observed and no increase of the infusion rate was necessary.
Argatroban Infusion Rate in Critically Ill Patients
Although none of our critically ill patients included for argatroban anticoagulation had a history of liver disease the clinical chemistry tests for hepatic function were changed in many individuals. Laboratory parameters for hepatic destruction such as aspartate aminotransterase and alanine aminotransterase had a wide range (318 U/L; minimum 10, maximum 2168 U/L). Parameters for hepatic function of synthesis, e.g., cholinesterase ranged from normal to decreased levels (2.86 ϫ 10 3 U/L; minimum 0.87, maximum 5.48 ϫ 10 3 U/L). The maintenance argatroban dose showed no statistically significant correlation to parameters of hepatic synthetic function, like albumin concentration and cholinesterase activity (r ϭ .53, not significant, n ϭ 30, Fig. 2 ). At low argatroban dosages (0.1 g/kg/min), patients had a wide scatter of albumin and cholinesterase levels. Therefore, the adequate argatroban dose could not be predicted from these parameters. The present data show that patients with reduced clinical chemistry markers of liver synthesis (albumin, cholinesterase) required up to 90% less argatroban infusion rate compared to the manufacturer's recommendations. Using dynamic hepatic tests of liver clearance activity like ICG-PDR we measured a significant correlation to the effective argatroban maintenance infusion rate (r ϭ .89, p Ͻ 0.001, n ϭ 23, regression analysis: argatroban infusion rate [g/kg/min] ϭ Ϫ0.35 ϩ 0.08 ϫ ICG-PDR, Fig. 3 ). Individuals with the need for low argatroban maintenance doses could not be Age, gender, reasons for critical illness and acute renal failure, critical illness prognostic scores (Acute Physiology and Chronic Health Evaluation II, Simplified Acute Physiology Score II), dialysis efficacy, liver function test (e.g., indocyanine green plasma disappearance rate), bleeding signs and thrombembolic complications. Parameters are given as mean Ϯ SD respectively range (prognostic score).
HIT-II, heparin-induced thrombocytopenia; CCRT, continuous renal replacement therapy; CHE, cholinesterase. identified reliably by cholinesterase levels since some of those with normal or slightly reduced cholinesterase had impaired ICG clearances and low argatroban requirements.
Since scores such as APACHE II or SAPS II are validated for severity and mortality of critical illness, we compared these scores to the maintenance argatroban infusion rate by correlation Fig. 4 ) and SAPS II score (r ϭ Ϫ.8, p Ͻ 0.001, n ϭ 30, regression analysis: argatroban infusion rate [g/kg/min] ϭ 2.06 Ϫ 0.03 ϫ SAPS II, Fig. 5 ). In patients with elevated APACHE II or SAPS II scores, argatroban infusion rates had to be considerably reduced compared with the manufacturer's recommendations.
Argatroban Efficacy and Safety During CRRT
CRRT with argatroban was performed effectively, as evidenced by the average fall in blood urea nitrogen to steady state (32.16 Ϯ 18.02 mg/dL). The hemodialysis tubes and filters were renewed every 24 hours. In three cases a 24-hr period was interrupted because of the appearance of fibrin strands, early sludging or thrombus material in the drip chamber of the dialyzing system. A cumulative number of 165 dialyzing systems were used, and only 2% of the systems had to be changed earlier than the 24-hr standard period.
Two patients developed minor bleeding; argatroban infusion was discontinued until restoration of coagulation. No patient developed severe bleeding episodes or required transfusion. One thrombembolic complication during evaluation of the diagnosis and starting of the CRRT occurred. No new thromboembolic complications were detected during treatment with argatroban.
DISCUSSION
The anticoagulation of critically ill patients with HIT-II requiring CRRT is limited on danaparoid and the direct thrombin inhibitor lepirudin (3, 4) with high risks for bleeding events caused by drug accumulation because of their renal clearance. The new direct thrombin inhibitor argatroban is mainly cleared hepatically. Its recommendations are limited on patients with hemodynamic stability, the absence of chronic liver disease (Child-Pugh score Ͼ6), and in cases of renal failure on an intermittent renal replacement therapy (14) .
In critically ill patients, hepatic clearance is often impaired by shock-induced reduced liver perfusion. Thus, a de- creased hepatic clearance is associated with an increased elimation half-life of argatroban. In critically ill patients with multiple organ dysfunction syndromes a dose reduced ten-fold (0.2 g/kg/min) is reported to be sufficient and safe for effective anticoagulation (20 -23) . To evaluate reliable predictors for effective argatroban doses in critically ill patients "static" and "dynamic" hepatic tests and critical illness prognostic scores (APACHE II, SAPS II) were correlated to the argatroban maintenance infusion rate. Monitoring of liver enzymes and hepatic protein synthesis have only limited diagnostic, therapeutic, and prognostic value in hepatic dysfunction (24, 25) . We found no statistically significant correlation between the argatroban infusion rate and cholinesterase. Our data show that patients with reduced hepatic protein synthesis required up to 90% decrease of the argatroban infusion rate, but normal hepatic protein synthesis does not exclude the need for a dose reduction.
The dynamic hepatic clearance test ICG-PDR is currently a valuable tool for assessment of liver function in critically ill patients and correlates well with the outcomes in critcally ill patients (18, 26, 27) . It has the advantage of noninvasive testing at the bedside by a transcutaneous system and providing results within a few minutes. We measured a significant correlation between the effective argatroban infusion rate and ICG-PDR. Our data suggest that ICG-PDR can help to identify those patients who have decreased argatroban dosing requirements, presumably related to occult hepatic dysfunction. Beiderlinden et al (23) did not observe a correlation between argatroban maintenance doses and ICG-PDR. They have investigated a population of critically ill patients in whom almost 45% did not require CRRT whereas in our population all patients received CRRT. Therefore, hepatic clearance appears to be effective to estimate argatroban dosages in patients with completely extinct kidney function. Nevertheless, ICG-PDR has not reached a widespread clinical application. We therefore tested the relation between the severity of critical illness scores, APACHE II (16) and SAPS II (17) , and the argatroban maintenance infusion rate. For both scores, a strong correlation was observed. In critically ill patients with necessity for CRRT our argatroban dosing recommendations can be summarized as follows: after a loading dose of 100 g/kg, the maintenance infusion rate may be calculated from the current ICG-PDR value, APACHE II value, or SAPS II value based on regression analysis. The use of these regression equations could result in a more rapid target aPTT attainment and lower cases of argatroban overdose.
Efficacy of hemodialysis was demonstrated by an adequate decrease in blood urea nitrogen and the high mean filter patency at 24 hours (98%). Only minor bleedings were observed in only 6.6% of the patients. This bleeding rate was comparable to rates for argatroban-treated patients overall from the multicenter retrospective studies (28) .
One might argue that the study is limited by the small sample size and missing measurements of argatroban concentrations, its clearance and metabolites. As described recently the dialytic clearance of argatroban with high-flux membranes is clinically insignificant (ϳ20%) (15) .
There is no specific antidote for direct thrombin inhibitors; however, effect measures typically return to baseline within 4 -6 hrs after discontinuation of the argatroban therapy, and it has been suggested that recombinant factor VIIa may be a useful pharmacologic agent for reversing severe bleeding (29) . The observed safety and efficacy of argartoban were achieved by targeting a high PTT range, daily dialyzer changes, low blood flow rates, and low filtratrion fractions. However, this first report on argatroban anticoagulation in critically ill patients with HIT and CRRT sets the stage for a larger trial in these complex medical conditions.
In conclusion, this study is important for several reasons. First, the initial SAPS II evaluation and/or ICG-PDR measurement are suitable tools for the prediction of the required argatroban maintenance dose in critically ill patients with HIT-II syndromes and necessity for CRRT. Second, the anticoagulation with argatroban is efficient and safe, but dose reductions down to 0.1-1.0 g/kg/min are required. Third, argatroban appears to be a suitable anticoagulant in critically ill patients with HIT syndrome undergoing CRRT.
